ascular calcification plays an important role in the development of atherosclerosis and that partially represents the burden of atherosclerotic plaque. 1 The quantification of coronary artery calcium (CAC) can be performed using electron-beam computed tomography (EBCT) and because the presence of CAC gives important prognostic information for subsequent coronary events in individuals with or without cardiovascular disease (CVD), 2,3 the technique has been included in current prevention guidelines. 4 
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In recent years, there has been increasing interest in patients who are free from CAC (CAC score=0) on EBCT. Studies with long follow-up have demonstrated dramatically lower cardiovascular (CV) event rates in persons without any detectable CAC. The Multi-Ethnic Study of Atherosclerosis (MESA) showed an event rate of 0.6/1,000 person years among 3,409 patients with no CAC. 5 In a cohort of 19,898 asymptomatic middle-age patients free from known coronary artery disease, a CAC score=0 was associated with <1% 10-year risk. 6 A metaanalysis involving 64,000 individuals (median follow-up 50 months) showed that the absence of CAC was associated with an annualized event rate of 0.12%. 7 Even compared to patients with only a minimal amount of CAC, patients without any calcium still have a statistically significant lower risk of CV events. 6 The absence of CAC seems to be a unique entity and a threshold effect on CV risk may exist between the absence and presence of CAC. 8, 9 Despite the overwhelming evidence linking the absence of CAC and low CV risk, both the mechanism for low CV risk and the threshold effect are unclear.
The endothelium is a highly active organ exerting important homeostatic functions, including the regulation of vascular tone, cell adhesion, smooth muscle cell proliferation, vessel wall inflammation, and it also exhibits antithrombotic properties. 10 Endothelial cells also play a crucial role in the initiation, propagation and regulation of artery calcification. 11 Previous studies have investigated the association between the CAC score and endothelial dysfunction, but the results have been conflicting. 12- 14 The relationship between endothelial function and the absence of CAC has not, to our knowledge, been reported.
The purpose of the current study was to assess the association between endothelial function and the absence of CAC in individuals without CVD or diabetes.
Methods

Study Population
In this retrospective study, 753 patients who underwent an assessment of endothelial function at the Mayo Clinic in Rochester, Minnesota, between the years 2006 and 2010 were identified. We included individuals who had both a CAC scan and evaluation of endothelial function within 1 month. Exclusion criteria included diabetes, known CVD (coronary artery disease, cerebral vascular disease and peripheral artery disease), pregnancy, moderate to severe renal dysfunction, and inflammatory disorders. This study was approved by the Mayo Clinic Institutional Review Board and all individuals gave informed consent.
Overweight status or obesity was defined as body mass index (BMI) ≥25 kg/m 2 . Coronary artery disease was defined as diameter stenosis ≥50% diagnosed by coronary computed tomography angiography or coronary angiography or as a documented prior myocardial infarction [defined according to the standard definition (serum cardiac biomarker elevation with symptoms of ischemia and/or ECG changes indicative of new ischemia/infarction)]. Cerebral vascular disease and peripheral artery disease were defined according to the prior documented diagnosis in the medical record. Moderate to severe renal dysfunction was defined as estimated glomerular filtration rate <60 ml · min -1 · 1.73 m −2 . CV risk was assessed by Framingham risk score.
Demographic, Clinical and Laboratory Characteristics of the Patients
Demographic characteristics (age, sex) and CV risk factors were recorded in all patients. Measurements included resting arterial blood pressure, heart rate, BMI, blood cell count, lipid profile (total, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol and triglycerides), fasting blood glucose and serum creatinine. Blood samples were obtained in the fasting state (at least 12 h).
Peripheral Endothelial Function Measurement
Patients were instructed to fast and to refrain from smoking and strenuous exercise for at least 12 h before measurement. All vasoactive medications were discontinued at least 24 h prior to testing. Peripheral arterial tonometry (PAT) signals were BMI, body mass index; CAC, coronary artery calcium; CCB, calcium-channel blocker; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, serum high-density lipoprotein cholesterol; HR, heart rate; hsCRP, high-sensitivity C-reactive protein; LDL-C, serum low-density lipoprotein cholesterol; RAAS, renin-angiotensin-aldosterone system; smoking, current smokers; SBP, systolic blood pressure; TC, serum total cholesterol; TG, serum triglycerides. Coronary Calcification and Endothelial Function obtained using the EndoPAT 2000 device (Itamar Medical Inc, Caesarea, Israel). A PAT finger probe was placed on each index finger. Pulsatile volume changes of the distal digit induced pressure alterations in the finger cuff, which were sensed by pressure transducers and transmitted to and recorded by the EndoPAT 2000 device. Endothelial function was measured via a reactive hyperemia (RH)-PAT index (RHI) as previously described. 15 The ratio of the PAT signal after cuff release compared to baseline was calculated through a computer algorithm automatically normalizing for baseline signal and indexed to the contralateral control arm. The calculated ratio (RHI) is a validated measure of endothelial function; the higher the RHI the better endothelial function. RHI >1.67 was recommended as a cutoff for normal endothelial function in the user manual of the EndoPAT 2000 device.
EBCT
CAC scanning with EBCT (Imatron; GE Healthcare, Milwaukee, WI, USA) was performed in all patients, each of whom had 40-60 tomograms acquired to cover the entire heart. The field of view was 26 cm with a 512×512 pixel matrix (resolution, 0.51×0.51 mm/pixel). Presence of CAC on EBCT tomograms was defined as 2 or more contiguous pixels with a brightness of at least 130 Hounsfield units. Regions of interest surrounding areas of CAC were traced by trained technicians using custom software.
Statistical Analysis
The normality of all distributions was assessed with the Kolmogorov-Smirnov test. Data summaries were presented as mean ± SD for continuous variables and frequencies, group percentages for discrete variables. Two-sample t-tests, rank sum tests or 1-way analysis of variance (ANOVA) were used to test group differences in the former; the Pearson χ2 test was used for the latter. All tests were 2-tailed and P<0.05 was considered significant. Correlation of CAC and endothelial function was shown by Goodman-Kruskal gamma coefficient. Logistic regression analyses were performed to identify variables with a significant independent association with absence of CAC. JMP 8.0 (SAS Institute, Cary, NC, USA) was used for statistical analysis.
Results
Demographic, Clinical and Laboratory Characteristics of the Patients
A total of 82 individuals were included, with 39 (47.5%) free from CAC (score=0) and 43 (52.5%) with a CAC score >0. Patients in the group without CAC were younger, more often female and had a lower BMI than the group with CAC. The demographic, clinical and laboratory characteristics of the 2 groups are shown in Table 1 .
CAC and Endothelial Function
In the CAC score=0 group, the prevalence of normal endothelial function and endothelial dysfunction was 84.6% (n=33) and 15.4% (n=6), respectively, compared to 48.8% (n=21) and 51.2% (n=22) in CAC score >0 group, P=0.001 (Figure 1) . The absence of CAC was highly correlated with normal endothelial function (RHI >1.67), γ=0.704, P<0.001. On average, endothelial function was significantly better in the CAC score=0 group (RHI 2.2±0.6 vs. 1.8±0.5, in the CAC score >0 group, P=0.002). The median (Q1, Q3) calcium score was 23.0 (8.7, Figure 1 . Absence of coronary artery calcium (CAC) and endothelial function. In CAC score=0 group, the prevalence of normal endothelial function (RHI >1.67) and endothelial dysfunction (RHI ≤1.67) was 84.6% (n=33) and 15.4% (n=6) compared to 48.8% (n=21) and 51.2% (n=21) in CAC score >0 group, P=0.001. RHI, reactive hyperemia index. 
10-Year Framingham Risk
According to endothelial function (RHI) and CAC, we separated all individuals into 3 groups. Group A (n=33): CAC score=0 and normal endothelial function (normal RHI); Group B (n=27): CAC score=0 and endothelial dysfunction (RHI ≤1.67) or CAC score >0 and normal endothelial function; Group C (n=22): CAC score >0 and endothelial dysfunction. The 10-year Framingham risk (%) was 2.4±2.2 in group A, 4.8±4.0 in group B and 8.1±7.8 in group C, P=0.01 (Figure 2) .
Univariate Analysis
In the univariate analysis, normal RHI, age, sex and BMI ≥25 kg/m 2 were significantly associated with the absence of CAC ( Table 2) . 
Multivariate Analysis of Determinants for Absent CAC
Discussion
In this study, individuals with both the absence of CAC and normal endothelial function had a lower Framingham risk than individuals who had at least 1 of the 2 risk markers (CAC or endothelial dysfunction). Importantly, we found a strong and independent association between the absence of CAC and normal endothelial function in this non-diabetic population with no CVD, suggesting that normal endothelial function might be an important prerequisite for the absence of CAC.
Endothelial dysfunction is considered to be a surrogate for early atherosclerosis, 10 whereas coronary artery calcification develops late in the atherosclerotic process as part of the healing mechanism of usually subclinical plaque rupture events. 11 Both are markers of subclinical atherosclerosis and have been shown to be highly predictive for future CV events. 2, 16 It is intuitive to consider that vascular functional abnormality (endothelial dysfunction) may be closely associated and precede structural damage (the process of calcium precipitation in diseased coronary arteries), similar to the association between carotid intima-media thickness and endothelial function. 17 Previous studies have investigated this relationship, but have yielded conflicting results. Whereas Huang et al reported that increased coronary artery calcification strongly predicted endothelial dysfunction (assessed by flow-mediated dilation at brachial artery) in patients with suspected coronary artery disease, 18 a recent study from our group found no association between coronary endothelial dysfunction and CAC score in patients with early atherosclerosis. 14 It may be that differences in the patient population, the arterial site being tested, and the methods applied produce these inconsistent results. However, 2 studies using the same method (flow-mediated dilation) and involving the same arterial bed (brachial artery) in asymptomatic individuals have also shown different conclusions in assessing the relationship between CAC score and endothelial function. 12, 13 These inconsistent results may indicate that the association between endothelial dysfunction and CAC is complex. Unlike previous studies that have assessed the relationship between endothelial dysfunction and CAC score, we assessed the relationship between endothelial function and the absence of CAC. As shown in recent clinical studies, the absence of CAC seems to be a unique entity with very low CV risk, 5-7 and a threshold effect on CV risk may exist between the absence and presence of CAC (even if a minimal amount of CAC). 8 Therefore, the current study has the potential advantage of being more direct and containing greater prognostic implications.
Calcification of the coronary arteries is an active process controlled by complex genetic, cellular and molecular pathways. Normal arteries usually express a number of genes associated with bone formation only at low levels and arterial calcification is actively inhibited. 19 During the early stages of atherosclerosis, numerous atherosclerotic and pro-inflammatory factors lead to the expression and activation of osteoblast-like cells, which may start the process of calcium precipitation. 20 The initial response in endothelial cells following atherosclerotic and pro-inflammatory stimuli is to release genes that inhibit bone formation (such as matrix gla-protein). Prolonged exposure to these stimuli may lead to expression of genes (such as bone morphogenetic protein-2) that facilitate calcification. 11 We recently demonstrated an increase in osteocalcinexpressing endothelial progenitor cells in patients with endothelial dysfunction. 21 These cells were retained within the coronary artery circulation, suggesting that they may play an important functional role in vascular repair. 22 Moreover, a recent study demonstrated that calcifying progenitor cells form ectopic calcification in vivo and are overrepresented in atherosclerotic lesions. 23 Therefore, endothelial cells could either inhibit or stimulate calcification, depending on the specific background conditions 24 and reparative mechanisms. Abbreviations as in Tables 1,2 
. Coronary Calcification and Endothelial Function
Normal endothelial function reflects the ability of the endothelium to protect against vascular injury and the initiation of atherosclerosis. 25 Because of the close association between the absence of CAC and normal endothelial function in the current study, we speculate that endothelium with normal function may play an important role in inhibiting vascular calcification.
Although it has been reported that statins may be able to inhibit the process of vascular calcification, 26 more evidence strongly suggests that pharmacologic therapy and lifestyle modification are lack of obvious effect on arterial calcification, [27] [28] [29] and no studies have demonstrated that vascular calcification can be reversed. In contrast, endothelial dysfunction is a reversible disorder, and strategies aimed at reducing CV risk factors also translate into an improvement in endothelial health. 10 This difference in reversibility between CAC and endothelial dysfunction may be a potential reason for the inconsistent results noted in studies of the association between CAC score and endothelial dysfunction. Given the reversibility of endothelial function, the assessment of endothelial function may serve not only as a tool for the diagnosis of vascular injury and early atherosclerosis, but also as a therapeutic target and a method of following up the success of intervention. A previous study has reported that the improvement in endothelial function was associated with an improvement in CV prognosis and that impairment of endothelial function, despite optimized medical therapy, was a strong independent predictor of adverse CV events. 30 The amount of calcium accumulated in any given coronary arterial segment reflects not only the magnitude of the plaque burden, but also the duration of exposure of arteries to the factors that underlie calcification, which renders it largely dependent on age. As in the previous studies, 5,6 individuals with advanced age are more likely to have CAC. Although age is closely associated with CAC, 31 we have shown that the association between CAC and endothelial function is still independent when correcting for age.
Although many studies have used flow-mediated vasodilatation of the brachial artery, we used the observer-independent PAT technique to measure endothelial function. This FDA-approved technique is commonly used in clinical practice, correlates with coronary microvascular function 15 and is prognostic for future cardiovascular events. 16 
Study Limitations
This was a retrospective, cross-sectional study, where selection bias may occur. However, the prevalence of freedom from CAC and normal endothelial function is similar to results from previous studies, so we believe that our study sample validly represents the population. We applied 1.67 to separate patients with presumably normal and abnormal endothelial function. This value was endorsed by the FDA as a cutoff point of normal and abnormal EndoPAT scores. However, endothelial function is a continuum, so any cutoff value is inevitably somewhat arbitrary. Calcification of the intimal layer of the artery is associated with atherosclerotic plaque and is a predictor of cardiac events, but EBCT cannot distinguish between intimal or medial coronary artery calcification. This may be another explanation for conflicting results in previous studies. Therefore, we excluded individuals with diabetes and moderate to severe renal dysfunction, which may contribute to medial calcification. Finally, our data may not reveal a definite causal relation between endothelial dysfunction and coronary calcification. Nevertheless, the finding has clinical implications and provides helpful information for further research.
Conclusions
In the present study, patients without CAC were significantly more likely to present with normal peripheral endothelial function. This result suggests that the functional status of the endothelium is closely associated with initiation of coronary calcification.
